Abstract: We present a novel process to fabricate high index contrast waveguides in boroaluminosilicate glass based on differential thermal post-annealing. Firstly, large high index contrast multimode waveguides are inscribed and subsequently annealed to achieve single-mode operation. We applied this technique to significantly increase the throughput of 3D astrophotonic devices and to demonstrate anti-resonant (ARROW) guiding in a laser written structure for the first time.
Introduction
Since the first demonstration of femtosecond laser written waveguides in 1996, the femtosecond direct-write technique has found applications in a variety of fields, like astrophotonics, quantum photonics and microfluidics [1] [2] [3] [4] . The interaction between the glass and tightly focused femtosecond beam strongly depends on the laser's repetition rate. Using low repetition rate pulses, where the time between successive pulses is significantly larger than the thermal diffusion time of glass (~ 1 µs) leads to a smooth repetitive modification of the glass with a Gaussian refractive index profile, that reflects the shape of the laser's intensity profile. However for providing sufficient spatial pulse-to-pulse overlap slow translation speeds have to be chosen where fabrication of a single device can take several hours. In contrast, using high repetition rates shortens the fabrication time to a few minutes. However the high repetition rate pulse train results in local melting following by rapid quenching of the glass. In common multicomponent silicate glasses this generally creates a complex refractive index profile. It has been shown, that the bend losses of such an index profile are significantly larger than these for a step-index profile with similar modefield diameter [5] . To overcome this shortcoming we developed a two-step fabrication process where firstly, a large multimode waveguide is inscribed as shown in Fig. 1a . The waveguide cross section consist of three distinct regions, a high index contrast core which is surrounded by a region of depressed refractive index and a cladding of raised index. The second process step exploits the different thermal stabilities of those regions, where the glass is heated above its annealing point and slowly cooled back down to room temperature. This results in erasure of the cladding but preserves the high index core and depressed region and thereby creating a single-mode waveguide with a peak index contrast of ~7×10 -3 as shown in Fig. 2b . 
Application to astrophotonics
We have successfully applied this fabrication process to significantly increase the throughputs of a 3D astrophotonic device known as a 'pupil-remapper' (details in [6] ). The chip contains 8 pathlength-matched waveguides with bend radii of 23 to 35 mm to remap the light from a 2D input plane into a linear array at the output. While previously the raw throughputs for the device ranged between 5% and 47%, the differential thermal annealing significantly increased the fidelity of the device with constant high throughputs of 70-73% across all 8 waveguides (Fig. 2a) . 
Application to anti-resonant reflecting optical waveguides
An anti-resonant reflecting optical waveguide (ARROW) is a waveguide were a low index core is surrounded by several high index layers/inclusions. Guiding in such a structure is governed by light either leaking out of the core if being in resonance with the high index inclusions or reflecting back in the case of anti-resonance [7] . This resonant behaviour results in photonic bandgaps where each bandgap possess a zero-dispersion wavelength. ARROW fibres have been demonstrated with index contrasts down to 1×10 -2 [8] . However attempts to fs laser inscribe such a structure have failed due to limited index contrast until now [9] . A fs laser inscribed ARROW waveguide is shown in Fig. 2b consisting of a hexagonal lattice of high index modification with a defect in the centre to form a core. These waveguides provide an avenue to dispersion engineering of femtosecond laser written devices for the first time.
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